Urban areas are becoming increasingly vulnerable to extreme storms and flash floods, which could be more damaging under climate change. This study presented an integrated framework for assessing climate change impact on extreme rainfall and urban drainage systems by incorporating a number of statistical and modelling techniques. Starting from synthetic future climate data generated by the stochastic weather generator, the simple scaling method and the Huff rainfall design were adopted for rainfall disaggregation and rainfall design. After having obtained 3-min level designed rainfall information, the urban hydrological model (i.e., Storm Water Management Model) was used to carry out the runoff analysis. A case study in a tropical city was used to demonstrate the proposed framework. Particularly, the impact of selecting different general circulation models and Huff distributions on future 1-h extreme rainfall and the performance of the urban drainage system were investigated. It was revealed that the proposed framework is flexible and easy to implement in generating temporally high-resolution rainfall data under climate model projections and offers a parsimonious way of assessing urban flood risks considering the uncertainty arising from climate change model projections, downscaling and rainfall design.
INTRODUCTION
Climate change impact is projected to pose a profound effect on many aspects of water resource systems, and the number and severity of extreme storms are expected to increase over many urban areas around the world (IPCC ; A correction factor for bias elimination was adopted to mitigate the underestimation problem encountered in calibrating the modelled data by using observed IDF curves. Kristvik et al. () applied an integrated spatialtemporal downscaling method, which combined Statistical DownScaling Model -Decision Centric (SDSM-DC) and the Generalized Extreme Value (GEV) distribution to project future rainfall and generate IDF curves in the city of Bergen. The study also investigated the effect of rain gardens as an adaptation measure to climate change.
From the previous works, it is revealed that statistical downscaling and disaggregation methods are commonly used to generate climate variables (mainly rainfall) for urban hydrological studies. However, due to the fine-resolution requirement of climate data both temporally and spatially at an urban scale (even at the minutes level), it is still a challenging task to carry out the climate change impact study for urban drainage systems using individual statistical or modelling methods. Although very limited attempts were made using holistic approaches involving downscaling, disaggregation, rainfall design and hydrological simulation (e.g., Shrestha et al. ) , the connection of various modules was rather complex, and there were still issues with bias correction, uncertainty consideration and model validation. In addition, there are few previous works focused on tropical regions, which are normally characterized by monsoons and intense rainfall with short durations (Fong ) . It is desired that a more straightforward and flexible approach be proposed for the mentioned purpose.
Therefore, the objective of this study is to propose an integrated framework for assessing climate change impact on extreme rainfall and urban drainage systems. The framework follows a top-down strategy, covering downscaling and disaggregation techniques for generating high-resolution, onsite rainfall data under climate model projections and hydrological simulations for evaluating the performance of the drainage systems. The framework is able to address multiple types of uncertainties arising from climate change scenarios, model randomness and rainfall design types and is straightforward to apply. A small urban catchment in the tropical region is used as the study catchment for demonstration.
Study area and data
A small urban catchment located at a tropical city is selected to demonstrate the proposed framework (Le et al. ) . Figure 1 shows its general map and the layout of the existing drainage network of the study site. The site covers an area of about 36.4 ha and is characterized by urban commercial and residential areas under a tropical climate, where the average rainy days (a rainy day refers to the day with a total rainfall of 0.2 mm or more) are about 167 days in a year and the maximum 1-h rainfall depth could reach up to 147 mm (Meteorological Service Singapore ). The observed rainfall data used for this site include hourly time series for the baseline period from 1980 to 2010. Other observed weather data, including maximum temperature, minimum temperature and solar radiation, over the same period for the study site are obtained from the Climate Forecast System Reanalysis (NCEP ). There are five major components in the integrated framework, including generator setup, future scenario generation, rainfall disaggregation, rainfall design and hydrologic simulation. Firstly, a stochastic weather generator (SWG) will be used to conduct site analysis based on long-term observed weather records (i.e., temperature, precipitation and solar radiation) for the study site. Secondly, future climate scenarios under various combinations (e.g., GCMs, emission scenarios and periods of prediction) are executed by the generator, and the results are used to produce daily rainfall intensities under various return periods based on the Gumbel distribution. Thirdly, the simple scaling method is applied to disaggregate rainfall from a daily timescale to an hourly one. Then, Huff distributions are adopted to generate 3-min level designed rainfalls. Finally, the designed rainfall events are used to drive hydrologic simulations to obtain runoff information. The detailed description of an individual component is given in the following sections. 
METHODS

System framework
Stochastic weather generator
Gumbel distribution
In hydrology, the Gumbel distribution (Gumbel ; Cheng a vector with 100 values). Then, a bar plot is created accordingly, and a Gumbel distribution curve is fitted on the plot.
Key parameters of the fitted curve include μ (location) and β (scale). In hydrology, given a return period T, the exceedance probability (P) is the reciprocal of T. Thus, in the quantile function (inverse cumulative distribution function (CDF)), the variable (y) is calculated as follows:
According to the quantile function of the Gumbel distribution, the corresponding rainfall depth (Q(y)) is given by the following equation (Gumbel ):
Therefore, by adopting the Gumbel distribution, we can specify a series of return periods and obtain the corresponding maximum daily rainfall intensities.
Simple scaling method
A simple scaling method has been proved as a simple yet reliable disaggregation method ( 
where I t and I t¼24 h are annual maximum rainfall intensities with a duration of t and 24 h, respectively, q is the moments of order for I t and I t¼24 h , K(q) is a scale function of q and λ is the scale parameter of rainfall durations. If the process is assumed to be a simple scale, the scaling function K(q) in Equation (3) becomes a linear function:
where α is a scaling factor. Let I(t,T ) and I(24,T ) denote the extreme rainfall intensities with the duration of t and 24 h, respectively, where T is the return period. Based on Equations (3)-(5), the following equation can be obtained as follows:
where the scaling factor α and the relationship between I(t,T) and I(24,T) for a region could be derived by analysing the baseline rainfall dataset. Once the relationship is established, it could be used to disaggregate future extreme rainfall from daily timescale to hourly one.
Huff storm distributions
Knowledge of the temporal distribution of rainfall storms is of vital importance in dealing with hydrologic problems, such as the design of the urban drainage system (Huff  should be calculated to further identify the best random seed for calibrating the generator (Semenov et al. ) .
For each synthetic scenario, the Gumbel distribution is adopted to generate daily rainfall intensities under various return periods. In this study, we set the threshold of Supplementary Table S1 . The record length of each generated climate scenario is set to be 100 years.
These climate scenarios are also fitted into the Gumbel distribution, and the rainfall intensities are predicted by fitted curves and Equations (1) and (2) under various return periods. Figure 4 shows the prediction results, indicating that four out of five GCMs suggest higher rainfall intensities than the baseline scenario. HadGEM2-ES suggests a decrease in the intensity ranging from À2.9 (T ¼ 5 years) to À6.3% (T ¼ 100 years) under various return periods, and it is also found that a longer return period would lead to a larger decrease.
Disaggregation by simple scaling
The series of I t , which denote the annual maximum mean rainfall over the time duration t (i.e., 1, 2, 3, 4, 5, 6, 8, 10, 12, 16, 20 and 24 h in this study), are derived from the baseline dataset (i.e., 1980-2010) . Figure 5 shows the process of acquiring the scaling factor of simple scaling. Figure 5(a) shows the logarithmic plot of the corresponding q-order (increases from 0.5 to 3.0 at an increment of 0.5) moments Figure 5(a) ) and the order q with a scaling factor α being À0.801. Afterwards, baseline and future daily rainfall intensities (Figure 4 ) are disaggregated into 1-h rainfall intensities by using Equation (6) (detailed results are shown in Supplementary Table S2 ).
MIROC5 is picked up as an example to derive IDF curves with durations from 0.5 to 3 h (see Figure 6 ).
Validating the results of simple scaling by the baseline dataset is essential for further design or disaggregation of rainfall. The validation procedure involves several steps.
Firstly, the series of annual maximum 1-h rainfall is extracted from the baseline dataset, and the corresponding CDF curve is generated. Secondly, the GEV distribution is used to fit the CDF curve, as it is found to be able to achieve the best fit among various types of distributions. The detailed results of GEV fitting are given in the Supplementary Figure S1 . Thirdly, according to the formulation of the fitted GEV distribution, the 1-h rainfall intensities under various return periods are calculated. As shown in Table 1 , by comparing the results of rainfall intensities between simple scaling and GEV fitting, it is found that the relative errors for all the return periods are lower than 10%. The performance of simple scaling is considered as acceptable for our study purpose.
Rainfall design by the Huff distribution
Huff distributions are adopted to design rainfall at the temporal resolution of minutes. The suitability of the Huff design also needs to be verified by the baseline dataset.
We have collected 1-min interval rainfall data with 1-year duration (i.e., July 2010 to June 2011) from the study area.
The threshold of the rainfall depth is set to 30 mm for identifying individual large storm events with durations being around 1 h (i.e., 0.5-2 h). As a result, 18 events are identified, and these events are divided into four quartile groups, depending on the location where the peak rainfall intensity occurs. It is shown that the number of events categorized into quartile groups I, II, III and IV are 4, 8, 5 and 1, respectively. For a clear view of rainfall patterns, T/T d (i.e., the ratio of cumulative time T over total rainfall duration T d ) versus P/P d (i.e., the ratio of cumulative rainfall depth P over total rainfall depth P d ) is plotted for each identified event and four types of Huff distributions. It is found that the shapes of actual rainfall events are much more complex than the idealized Huff curves, and many real events are even multimodal instead of the Huff curves' sole peak point. However, a general qualitative comparison indicates that each quartile group shares some similarities with the corresponding type of Huff distribution regarding the overall shape and the location of peak point. More details can be found in Supplementary Figures S2 and S3 .
Hydrologic simulation and post-simulation analysis
An urban hydrological model based on the SWMM is established for the study site. The model mainly consists of 55 subcatchments, 50 junctions, 50 conduits and 1 outfall. To improve the reliability of the model before carrying out any simulations, it is important to calibrate the model by comparing the model outputs with the observed record.
According to Le et al. () , the SWMM was calibrated and verified by measured water-level data over a number of rainfall events at two downstream gauging stations. As an example, the measured hydrograph of one rainfall event occurring in 2012 showed that the SWMM produced very close flows to the observed data (especially the peak flows), with the R 2 value being above 0.90 (detailed information can be referred in Supplementary Figure S4 ). It should be noted that rainfall is the most important weather information for calibrating and driving the hydrological model in this study. Other weather variables like and 7(d) show the total outflow from the system (i.e., the sum of the discharge volume at the outfall and system flood volume) and the system flood volume, respectively. It appears that the maximum flow (Figure 7(a) ), system outflow (Figure 7(c) ) and system flood volume (Figure 7(d) ) are all dependent on the rainfall intensity; however, among these outputs, the degrees of sensitivity vary notably.
The maximum flow at the outfall is relatively insensitive to the rainfall intensity, especially for intensive rainfall events: for T ¼ 50 years, the 1-h rainfall ranges from Based on the SWMM settings, if the small fraction of the loss of rainfall (e.g., evaporation and infiltration) is ignored, the runoff would all be drained to the drainage system.
Hence, they could either be the discharge leaving the system from the outfall or the flooding coming out of junctions and getting lost from the system. Therefore, the system outflow (i.e., discharge plus flooding; Figure 7 (c)) could be directly compared with the input rainfall depth, and the system flooding (Figure 7(d) ) reflects the deficiency of the drainage capacity towards the rainfall input. From (Figure 8(a) ) is more sensitive to Huff types from rainfalls with a lower intensity. For instance, under T ¼ 5 years, the peak values are 19.4, 25.2, 25.7 and 26 .6 m 3 /s for types II, III, I and IV, respectively (i.e., the ratio of the peak value is 1.00:1.30:1.32:1.37 for types II:
III:I:IV, respectively); whereas under T ¼ 50 years, the corresponding ratio would be 1.00:1.05:1.06:1.08. The time to peak (Figure 8(b) ) is mainly influenced by the type of Huff distribution, as it does not vary significantly over different return periods. The magnitude of flooding (Figure 8(d In addition, the study catchment adopted in this study was relatively small.
But, we believe that this size is sufficient for applying single-site rainfall disaggregation. However, if a large size catchment is considered, multi-site correlation issues may have to be addressed using more sophisticated weather generators. For instance, Mezghani & Hingray () presented a weather generator developed for the multi-site generation of hourly precipitation time series over complex terrain, and the generator could reproduce spatial and temporal correlation between weather variables (e.g., precipitation) at different scales. Lastly, under the same return period T, the maximum rainfall intensity at one point is always larger than the maximum areal average intensities (Fowler et al. ) . Thus, for further application at larger scales (e.g., a city scale), the concept of areal reduction factors (Allen & DeGaetano ) could be adopted as a bridge to relate the maximum areal average rainfall rate to the maximum rate estimated at a point (e.g., observations from rain gauges and downscaled results of simple scaling).
CONCLUSIONS
An integrated framework was proposed for supporting the climate change impact assessment on extreme rainfall and urban drainage. The framework adopts the SWG for future climate scenario acquisition, the simple scaling method and Huff distributions for rainfall disaggregation and design, and the hydrologic model for the rainfall-runoff simulation. An urban catchment located in the tropical rainforest climate region was selected for demonstrating the detailed procedures, applicability and rigour of methodology. The results showed that the selection of different
GCMs has a noticeable impact on the future daily rainfall intensities. Meanwhile, the temporal distribution of rainfall plays important roles in the outfall runoffs and system flooding. The simple scaling method is proved to be a good alternative for tackling daily rainfall disaggregation. Conventional methods may lack the capability of coalescing various modules (e.g., downscaling, disaggregation and hydrological simulation) into a rigorous framework while considering uncertainties arising from different sources (e.g., the selection of GCMs and rainfall patterns). The proposed framework is easy to implement and a promising alternative to conventional methods for evaluating the performance and design of the drainage system under various types of uncertainties. The overall methodology is general, and the adopted models/tools are mostly open source and easily accessible. Therefore, it is believed that this work could be generalized to many urban areas around the world to address the climate change impact on the drainage flow and urban flooding problems. 
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